The objective of this study was to determine how changes in the network structure and properties of hyaluronic acid (HA) hydrogels, due to variations in the macromer molecular weight (50 -1100 kDa) and macromer concentration (2-20 wt %), affect neocartilage formation by encapsulated auricular chondrocytes. To investigate tissue formation, swine auricular chondrocytes were photoencapsulated in the various networks, implanted subcutaneously in the dorsum of nude mice, and explanted after 6 and 12 weeks for biochemical and histological analysis. After 12 weeks, the various constructs were 81-93% water, contained between 0.1 ϫ 10 6 and 0.6 ϫ 10 6 chondrocytes per sample, and consisted of 0 -0.049 g chondroitin sulfate/g wet weight (glycosaminoglycan (GAG) content) and 0.002-0.060 g collagen/g wet weight. Histological staining showed an even distribution of chondrocytes and GAGs in addition to minimal type I collagen staining and intense and uniform type II collagen staining in the constructs with greatest neocartilage production. Hydrogels fabricated from 2 wt % of the 50 kDa HA macromer most resembled the properties of native cartilage and show the greatest promise for continued development for cartilage regeneration.
INTRODUCTION
Tissue engineering is emerging as a field with potential to develop viable treatment alternatives to allogenic and alloplastic implants to repair damaged cartilage. 1 Because cartilage has many inherent limitations for regeneration, techniques to regenerate this avascular tissue are especially needed. These approaches typically involve the delivery of cells (e.g., chondrocytes, stem cells) in a resorbable scaffold that is either grown in vitro, potentially in conjunction with bioreactors, or is implanted directly in vivo and gradually replaced with cartilaginous tissue. The design and fabrication of the scaffold is extremely important and a wide range of materials have been investigated for these applications including collagen, 2 fibrin, 3, 4 alginates, 5, 6 and poly(glycolic acid). 7, 8 Elisseeff and coworkers 9, 10 first pioneered the use of a photopolymerization process as a method to suspend and deliver chondrocytes in hydrogel networks for the treatment of damaged cartilage. The photopolymerization process allows for the in vivo formation of cell/material constructs, which is advantageous for filling irregular defects and providing good contact between the tissue-engineered construct and the surrounding tissue. In general, photoencapsulation is rapid and eliminates the use of potentially toxic solvents. Initial efforts focused on the use of photopolymerizable hydrogels based on poly(ethylene glycol) (PEG). These studies showed that the cell/monomer solution could be injected subcutaneously and polymerized with transdermal light exposure. 9 To accelerate the degradation of the hydrogels and improve the distribution of large extracellular matrix molecules produced by the encapsulated cells, Bryant et al. 11 introduced degradable lactic acid units into the networks. This work illustrates the importance of material design in the development of tissue engineering scaffolds, where factors such as scaffold degradation, mechanics, and cell recognition capabilities are essential.
One molecule of particular interest in cartilage re-generation is hyaluronic acid (HA). HA is a linear polysaccharide comprised of alternating d-glucuronic acid and N-acetyl-d-glucosamine that is found in connective tissues, including cartilage, and degrades primarily by hyaluronidases found throughout the body. 12 HA plays a role in cellular processes including cell proliferation, morphogenesis, inflammation, and wound repair 13 and several cell surface receptors for HA (e.g. CD44, ICAM-1, and RHAMM) have been identified. 12 In addition to these factors, HA is readily modified through both its carboxy groups with esterification 14, 15 and hydroxyl groups that are crosslinked with divinyl sulfone 16 or via photopolymerization. 17, 18 The potential cell recognition of this polysaccharide, the cell dictated degradation by secreted enzymes, and the ease of processing of HA through chemical modification make it a potentially suitable matrix for the delivery of chondrocytes in cartilage tissue engineering applications. We previously showed that photocrosslinkable HA macromers could form networks with a variety of properties (e.g., mechanics, degradation, and cell viability) that were dependent on the concentration and molecular weight of the starting macromer. 19 The overall objective of the current study was to determine how these same changes in the network structure and properties influence the ability of photoencapsulated auricular chondrocytes to produce cartilaginous tissue in vivo. To accomplish this, auricular chondrocytes were harvested from swine, photoencapsulated in the various HA hydrogels, and implanted subcutaneously in nude mice. Biochemical assays and histological analysis were then used to compare cartilage production between the various hydrogels.
MATERIALS AND METHODS

Monomer synthesis and polymerization
Methacrylated hyaluronic acid (MeHA) was synthesized by a previously reported technique. 18, 19 Briefly, methacrylic anhydride (Sigma) was added to a solution of 1 wt % HA (Lifecore, microbial fermentation process, MW ϭ 50, 350, and 1100 kDa) in deionized water, adjusted to a pH of 8 with 5N NaOH, and reacted on ice for 24 h. For purification, the macromer solution was dialyzed (MW cutoff 5-8k) against deionized water for at least 48 h with repeated changes of water and the final product was obtained by lyophilization. 1 H NMR was used to determine the final functionality and purity of the MeHA. The macromer was stored at Ϫ20°C in powder form prior to use. For cell encapsulation, the macromer was sterilized with exposure to the germicidal lamp in a laminar flow hood for 30 min and dissolved in a sterile solution of phosphate-buffered saline (PBS) containing 0.05 wt % 2-methyl-1-[4-(hydroxyethoxy)phenyl]-2-methyl-1-propanone (Irgacure 2959, I2959). This technique was used for sterilization, since the higher concentration MeHA solutions were too viscous to filter sterilize.
Chondrocyte isolation and photoencapsulation
Swine aged 3-6 months were euthanized using an overdose of pentobarbital (100 mg/kg IV) and cartilage tissue was harvested in a sterile fashion from the ears (auricular) and knees (articular) of the swine. The harvested auricular cartilage was cut into ϳ1 mm 3 pieces, washed in PBS, and digested for 18 h at 37°C in a sterile 0.1% collagenase (Worthington) solution in Ham's F-12 medium. After digestion, the solution was passed through a 100 m filter to remove undigested cartilage and centrifuged to obtain a chondrocyte pellet. The chondrocytes were washed twice with PBS, counted using a hemacytometer, and determined viable using the trypan blue exclusion dye test prior to encapsulation. Auricular chondrocytes (40 ϫ 10 6 cells/mL) were photoencapsulated in the various hydrogel networks by suspension in a solution of 2, 5, 10, and 20 wt % macromer (MeHA) containing 0.05 wt % I2959. Solutions were pipetted into sterile molds (50 L volume) and polymerized with ϳ4 mW/cm 2 ultraviolet light for 10 min, using a longwave ultraviolet lamp (Model 100AP, Blak-Ray). These conditions were previously determined to be cytocompatible for the photoencapsulation of chondrocytes. 20 A schematic of this process is illustrated in Figure 1 . Auricular and articular cartilage were harvested from the same source and used as controls for biochemical analyses.
Implantation in nude mice
Nude mice were anesthetized with ketamine (80 mg/kg) and xylazine (12 mg/kg). A 2-cm midline incision was made on the back of each mouse and four subcutaneous pockets were made using blunt dissection. A chondrocyte/hydrogel construct was placed in each of these pockets and the wound was closed with sterile stainless steel skin clips. After 6 and 12 weeks, mice were euthanized and constructs were har- 
Biochemical analysis
For biochemical analysis (n ϭ 4), constructs were weighed initially (wet weight), lyophilized, and weighed (dry weight). Next, samples were digested in a papain solution (125 g/mL papain type III, 10 mM l-cysteine, 100 mM phosphate, and 10 mM EDTA at pH 6.3) for 15 h at 60°C. Total DNA content was determined using a PicoGreen dsDNA Assay, 21 with chondrocyte number determined using a conversion factor of 7.7 pg of DNA per chondrocyte. 22 Total glycosaminoglycan (GAG) content was determined using the dimethylmethylene blue dye method 23 with chondroitin sulfate (CS) as a standard. Total collagen content was determined using the hydroxyproline assay, 24 with a collagen to hydroxyproline ratio of 7.25. 25, 26 Values reported for GAG and collagen content were normalized to construct wet weight.
Histological analysis
For histological analysis, constructs were fixed in 10% formalin for 24 h, embedded in paraffin, and processed using standard histological procedures. The histological sections (7 m thick) were stained with hematoxylin and eosin to observe the morphology and distribution of encapsulated chondrocytes and Safranin O to visualize GAGs. Type I and type II collagen distributions were detected using a Vectastain Universal Elite ABC Kit (Vector Laboratories) and a DAB Substrate Kit for Peroxidase (Vector Laboratories). Sections were predigested in 0.5 mg/mL hyaluronidase for 30 min at 37°C and incubated in 0.5N acetic acid for 4 h at 4°C prior to overnight incubation with primary antibodies at dilutions of 1:200 and 1:3 for type I (mouse monoclonal anticollagen type I, Sigma) and type II collagen antibodies (mouse monoclonal anticollagen type II, Developmental Studies Hybridoma Bank), respectively.
Statistical analysis
Anova with Tukey's post hoc test was used to determine significant difference among groups, with p Ͻ 0.05. All values are reported as the mean Ϯ SD.
RESULTS
To investigate the influence of the hydrogel structure on neocartilage formation, primary auricular swine chondrocytes were photoencapsulated in HA hydrogels, with macromer molecular weights ranging from 50 to 1100 kDa and macromer concentrations ranging from 2 to 20 wt %. These constructs were implanted subcutaneously in nude mice to provide an in vivo environment for tissue formation. After culture in the dorsum of nude mice for 6 or 12 weeks, the constructs were harvested and analyzed. A schematic of this process is shown in Figure 1 . After 12 weeks, the macroscopic appearance (Fig. 2 ) of the constructs varied markedly depending on the prepolymer solution (e.g., macromer molecular weight and concentration) used for encapsulation. Specifically, constructs fabricated from 2 wt % of the macromers were noticeably more opaque than those fabricated with higher macromer concentrations. The 2 wt % hydrogels formed from both the 1100 and 50 kDa macromers most resembled native cartilage and exhibited a white, shiny appearance. In addition, the 2 wt % 350 and 1100 kDa hydrogels exhibited a noticeable increase in size after the 12 weeks of subcutaneous culture in nude mice, whereas the 2 wt % 50 kDa hydrogel more closely maintained the initial construct dimensions (i.e., 5 mm diameter).
Biochemical analysis
The water content of the explanted constructs was determined from wet and dry weights (Fig. 3) . In general, constructs exhibited a decrease in water content from 6 to 12 weeks, where a significant decrease was noted for 2 wt % 1100 kDa, 2-5 wt % 350 kDa, and 2 wt % 50 kDa constructs. Of the 12 week explants, the 2 wt % 50 kDa construct (81 Ϯ 2.7% water) was most comparable to auricular (74 Ϯ 2.4% water) and articular (79 Ϯ 5.1% water) cartilage, and no statistically significant differences were found between the values.
The total DNA content was determined for all harvested constructs and converted into numbers of chondrocytes per sample (Fig. 4) . The majority of the constructs exhibited an increase in chondrocyte number from 6 to 12 weeks, indicating cellular proliferation with culture time. Constructs fabricated with the lowest macromer concentration (2 wt %) appeared to support the greatest number of chondrocytes regardless of molecular weight. The 2 wt % 50 kDa constructs had the greatest number of chondrocytes at ϳ600,000 cells per sample after 12 weeks. Values were also normalized to sample wet weight for comparison to control auricular and articular cartilage (not shown). The 2 wt % 50 kDa constructs exhibited the greatest amount of DNA per wet weight, which was ϳ80 and 87% of that found for native auricular and articular cartilage, respectively. No significant differences were detected for the 2 wt % 1100 kDa and 2 wt % 50 kDa hydrogels when compared to auricular and articular cartilage for the normalized DNA values. Hydrogels (2 wt % 50 kDa) without encapsulated cells served as a control and exhibited minimal fluorescence, comprising less than 3.5% of any sample.
GAG content was measured in the explanted constructs and is reported as the quantity of CS normalized to sample wet weight (Fig. 5) . The GAG content in constructs increased from 6 to 12 weeks, where the 2 wt % 1100 and 50 kDa constructs showed the greatest amount of GAGs (0.049 Ϯ 0.007 and 0.049 Ϯ 0.005 g CS/g wet weight, respectively) after 12 weeks of culture. This value is ϳ80% and 53% of the GAG content found in native auricular and articular cartilage, respectively. There was no significant difference between GAG production by chondrocytes encapsulated in the 2 wt % networks formed from both the 1100 and 50 kDa macromers compared to native auricular cartilage. Virtually, no measurable GAGs were found in the hydrogels fabricated from the higher macromer concentrations (5-20 wt %). HA hydrogel controls showed little GAG detection and were similar to control hydrogels formed from a nonpolysaccharide PEG hydrogel. 19 As a final quantification of biochemical content, the amount of collagen in the explanted constructs was determined by the hydroxyproline content and is normalized to sample wet weight (Fig. 6) . Similar to the GAG content, the majority of the constructs exhibited an increase in collagen content from 6 to 12 weeks. The 2 wt % 50 kDa construct is statistically different (p Ͻ 0.05) from all of the samples after 6 weeks and showed the greatest collagen content (0.0658 Ϯ 0.0161 g collagen/g wet weight) after 12 weeks. This value represents ϳ65% and ϳ74% of the total collagen that was found in control samples of auricular and articular cartilage, respectively. Again, only small amounts of Number of chondrocytes per sample for HA constructs after 6 (black) and 12 (white) weeks of subcutaneous culture in nude mice (n ϭ 4). Values, reported in millions, were determined using the PicoGreen dsDNA assay with a 7.7 pg DNA/chondrocyte conversion. For the 12 week explants, the 2 wt % constructs showed a statistical difference (p Ͻ 0.05) from constructs with higher macromer concentrations. collagen were detected in the hydrogels fabricated from the higher macromer concentrations (5-20 wt %). The values for both GAG and collagen content were also normalized to DNA content (results not shown) and showed similar trends to values normalized to sample wet weight.
Histological analysis
Representative stains for GAG, type I collagen, and type II collagen are shown in Figure 7 for several constructs harvested 12 weeks after implantation. Specifically, the histology is shown for the two compositions that looked most promising both macroscopically and biochemically (i.e., 2 wt % of 1100 and 50 kDa macromers) and, for contrast, a sample that showed little production of extracellular matrix (10 wt % 50 kDa macromer). Unfortunately, the hydrogels exhibit background staining for HA when using the Safranin O stain, but the images still capture the large Figure 6 . Total collagen content of HA constructs normalized to construct wet weight after 6 (black) and 12 (white) weeks of subcutaneous culture in nude mice (n ϭ 4). The 2 wt % 50 kDa construct is statistically different (p Ͻ 0.05) from all of the samples after 6 weeks and has the greatest collagen content after 12 weeks. production of GAG after 12 weeks in vivo and illustrate the morphology and distribution of the cells. In constructs fabricated with a 2 wt % macromer solution, chondrocytes are evenly distributed and appear viable throughout the gels. In contrast, morphology indicative of cell death is evident in constructs fabricated with higher macromer concentrations (5-20 wt %) as illustrated by the 10 wt % 50 kDa construct. GAG staining is found abundantly throughout the histological sections, including the pericellular regions surrounding the cells in the 2 wt % hydrogels. The representative stains for type I and type II collagen support results observed in the biochemical analysis, where more intense staining is observed in the 2 wt % 1100 and 50 kDa constructs in contrast to the other samples. Although light staining for type I collagen is observed sporadically throughout the 1100 kDa sample, type II collagen appears to dominate in these constructs. For the 2 wt % 50 kDa sample, there was no type I collagen observed, but an even distribution of type II collagen is found throughout the networks. Again, no staining is observed in the 5-20 wt % 50 kDa samples for either type I or type II collagen.
DISCUSSION
Photocrosslinkable HA hydrogels were investigated in this study as carriers for auricular chondrocytes for cartilage regeneration. HA has many beneficial properties for these applications. Specifically, HA is a molecule that is recognized by specific cell-surface receptors and degraded by enzymes produced by the encapsulated chondrocytes, potentially leading to a cell-dictated degradation mechanism. HA is readily modified with photoreactive groups to allow for cell encapsulation when a solution of the monomer, cells, and photoinitiator are exposed to the correct wavelength of light. In the fabrication of these hydrogels, several factors including the molecular weight of the HA, the acrylation percentage, and the concentration of the HA in the prepolymer solution can influence the properties of the resulting construct.
Our previous work 19 investigated the fabrication of these networks and illustrated the wide range of hydrogel properties that can be obtained. Alterations in HA molecular weight and macromer concentration affected precursor solution viscosities and hydrogel properties such as volumetric swelling ratio, compressive modulus, degradation, and cell viability, which are summarized in Table I . Specifically, a decrease in the volumetric swelling ratio and an increase in both the compressive modulus and time for complete degradation of the networks were found, as the macromer concentration (e.g., crosslinking density) was increased. However, only minor changes in these properties were observed with different macromer molecular weights. It should be noted that the hyaluronidase concentration used in this study (i.e., 100 U/mL) is not indicative of in vivo levels, but was used only to monitor relative degradation differences between the various hydrogels. When cells were encapsulated in the networks in vitro, a decrease in cell viability was found as the macromer concentration was increased. This in vitro decrease in cell viability was attributed to an increase in the radical concentration during encapsulation and a decrease in the diffusion of nutrients and wastes as the crosslinking density increased.
To further explore the potential of these photopolymerizable networks, the current work investigated the formation of neocartilage from various HA hydrogels in vivo. Auricular chondrocytes were used in this study to investigate neocartilage formation in the hydrogels based on hydrogel chemistry. This has direct implications for plastic surgery applications, but is also a consideration for articular cartilage regeneration. Auricular cartilage is easily harvested with little donor-site morbity and auricular chondroctyes can be obtained at yields twice as high as articular chondrocytes. 27 Additionally, auricular chondrocytes proliferate approximately four times faster than articular chondrocytes in monolayer culture 28 and express high levels of type II collagen and GAGs when implanted in vivo on three-dimensional scaffolds. 27 Macroscopic observations indicated that the hydrogels with the 2 wt % macromer concentration exhibited the greatest neocartilage formation and produced cartilage that most closely resembled native cartilage tissue. Higher macromer concentrations resulted in relatively translucent constructs, where restrictions in nutrient transport through the construct and high radical concentration during polymerization potentially compromised cell viability, growth, and extracellular matrix production. This reflects cell viability results from our previous in vitro study. With culture time, the decrease in water content is likely due to increased tissue formation (e.g., cell proliferation and extracellular matrix deposition) within the construct. After 12 weeks of culture, the water content for the 2 wt % 50 kDa construct was closest to that of native auricular and articular cartilage.
Although the cells show some proliferation between the 6 and 12 week time points, the lack of type I collagen staining and abundant type II collagen staining in the 2 wt % hydrogels indicate that the cells are maintaining their chondrogenic phenotype. Constructs derived from macromer concentrations greater than 2 wt % showed little cell growth, as they contained ϳ2 ϫ 10 5 chondrocytes per sample when implanted. Again, this is potentially related to compromised cell viability during encapsulation, but could also be due to higher crosslinking densities that degrade slower than the more loosely crosslinked one, limiting three-dimensional cell proliferation. In addition, results from GAG measurements exhibit a similar trend, where 2 wt % 1100 kDa and 2 wt % 50 kDa networks contained the greatest quantity of GAGs while constructs with macromer concentrations greater that 2 wt % exhibited extremely low GAG levels. Additionally, measured values for both 2 wt % 1100 kDa and 50 kDa constructs were comparable to the GAG content of native auricular cartilage. Collagen content followed a similar trend, with highly crosslinked networks showing very little collagen production by encapsulated cells.
Histological analysis was used to detect the distribution of GAGs, collagen type I, and collagen type II within the constructs. GAGs appeared to be evenly distributed throughout constructs with neocartilage growth, reflecting an even distribution of chondrocytes within the scaffold. On the other hand, cell death was evident in constructs without growth (5-20 wt % 50 kDa). Though some type I collagen staining was observed for 2 wt % 1100 kDa and 2wt % 50 kDa constructs, more intense and more uniform staining was found for type II collagen. The lack of type II collagen staining in certain regions of the 2 wt % 1100 kDa construct is potentially due to cell clustering, as the highly viscous precursor solution may have prevented an even cell distribution. On the other hand, type II collagen appears to be evenly distributed in the 2 wt % 50 kDa samples where viscosity did not play a hindering role. In general, histological observations are consistent with the results from the biochemical analysis and indicate that the cells are maintaining their phenotype even after long culture periods.
Overall, this analysis shows that the HA hydrogel structure is an important design parameter in cartilage tissue engineering and plays an important role in both the quality and distribution of tissue produced by encapsulated cells. After screening several factors, our results indicate that hydrogels formed from 2 wt % of the 50 kDa macromer supported the greatest amount of biochemical components and the best distribution of extracellular matrix components. We believe that enhanced neocartilage production in the 2 wt % hydrogels is due to the following reasons: (i) a lower radical concentration during the polymerization of the 2 wt % hydrogels than for higher macromer concentrations, which may increase cell viability, (ii) an increase in nutrient and waste transport with a more loosely crosslinked hydrogel, and (iii) more rapid hydrogel degradation with a larger hydrogel mesh size, which may increase the distribution of extracellular matrix components. Additionally, the low viscosity of the 2 wt % solution makes it more amenable not only in the distribution of encapsulated chondrocytes but also clinical application of these gel solutions through arthroscopic techniques. These results have shown very promising results for the production of cartilaginous tissue by encapsulated auricular chondrocytes with engineered tissue resembling native tissue both biochemically and histologically.
